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Abstract
Plasmonic nanomaterials have become a strong contender for improving the efficiency of
photocatalytic degradation of air pollutants. This study demonstrates an easy and scalable
fabrication method, employing electron beam evaporation and rapid thermal annealing, for
producing plasmonic photocatalysts. Samples were made by either coating silver on, or layering
silica-protected (i.e., silica-coated) or unprotected (i.e., uncoated) silver beneath, the photocatalyst
(either zinc oxide or titanium dioxide). Stability and catalytic performance for gas-phase toluene
degradation was assessed by monitoring total volatile organic compound (TVOC) concentration
versus ultraviolet-A (UV-A) illumination time in a recirculating batch reactor (plate-type flowthrough). Samples were characterized using a variety of spectroscopic methods, electron
microscopy, and X-ray diffraction. Finite difference time domain (FDTD) simulations demonstrate
that the UV-A light-induced electric fields around silica-protected and unprotected silver
nanoparticles extend significantly beyond the nanoparticle surfaces, allowing contact between the
fields and the photocatalyst, and justifying the catalyst design. Experimental results, and analysis
of reaction kinetics, show that silver-coated photocatalysts and layered photocatalysts with
unprotected silver exhibit initially high TVOC degradation rates, but suffer from deactivation,
attributed to silver oxidation. Layered photocatalysts with silica-protected silver exhibited
improved stability versus unprotected samples and improved performance over titanium dioxide.
The results of this study demonstrate that a silica layer can help slow down fouling of silica
nanoparticles, and that silica-coated silver nanoparticles not only help speed up reaction rate
overall but also appear to speed up release of adventitious hydrocarbons from the photocatalyst
vii

surface during the initial phase of a reaction. The layered fabrication approach developed and
employed in this study for application to gas-phase photocatalysis may enable plasmonic
photocatalysis by offering a simple, scalable fabrication method more reliable than the more
prevalent colloidal synthesis.
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Chapter 1: Introduction1, 2
1.1 Plasmonic Photocatalysis
While photocatalysis holds much promise for clean energy and environmental remediation
applications, widespread commercialization has not yet been realized. The main obstacle, and the
focus of decades of research in the field, is the slow rate of photocatalytic oxidation (PCO) and
reduction reactions. This is caused primarily by inefficiencies such as competing reactions (e.g.,
charge carrier recombination) and the inability of standard semiconductor photocatalysts (e.g.,
ZnO, TiO2) to utilize electromagnetic radiation with energy less than ultraviolet (UV) or near-UV
light, which would be required to bring a photocatalyst to an excited state (i.e., electron excitation)
and able to initiate photocatalytic reactions. Though many strategies exist for increasing
photocatalytic efficiency of standard photocatalysts, the goal of most approaches is typically either
to (i) increase the quantity and/or lifetime of excited states, (ii) decrease the energy required for
electron excitations, or (iii) a combination thereof. Plasmonics, a field of study at the interface of
quantum and classical physics (Campos et al., 2019), has recently become a contender for
achieving these ends.
Nanoscale particles of certain metals can exhibit significantly distinct optical and electrical
properties than macroscale (bulk) and even microscale particles of the same metal. Plasmonics is
__________________________
1

Portions of this dissertation have been published with Catalysis Communications: Amaury Betancourt, D. Yogi Goswami, Venkat R.
Bhethanabotla, and John N. Kuhn, “Scalable and stable silica-coated silver nanoparticles, produced by electron beam evaporation and rapid
thermal annealing, for plasmon-enhanced photocatalysis”, published 1 November 2020, Catalysis Communications, 2020, Vol. 149, Article No.
106213.
2
Portions of these results have been communicated with Catalysis Letters, Springer Publications, with title “Stability and Kinetics of SilicaProtected Plasmonic Photocatalysts for Gas-Phase Degradation of Total Volatile Organic Compounds”, with Ref: CATLET-2021-0091, which is
currently under review.
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the science concerned with the study of these distinct properties (Brongersma, 2015; Murray &
Barnes, 2007), and the literature is replete with reviews on the many applications of this discipline,
including photovoltaics (Atwater & Polman, 2010), biomedicine (Garcia, 2011), and
photocatalysis for renewable chemical energy (Hou & Cronin, 2013; Linic, Christopher, & Ingram,
2011) and for degradation of pollutants in water and air (Schreck & Niederberger, 2019;
Verbruggen, 2015; D. W. Wang et al., 2018). While the work of Awazu et al. (Awazu et al., 2008)
is typically cited as the first work to employ “plasmonic photocatalysis”, the work by Einaga
(Einaga, 2006) mentioned Ag/TiO2 composites that showed improved performance over TiO2 for
all Ag loading levels tested, though plasmonic phenomena was not cited. It is quite possible that
Einaga’s work in 2006 may have involved plasmonic photocatalysis without recognizing it.
The mechanisms by which plasmonic metal NPs enhance semiconductor processes (e.g.,
solar cells) and photocatalysis are still under debate, and may depend on numerous factors, such
as the application for their use, phase of the reactions (i.e., solid/liquid, solid/gas, etc.),
characteristics of the particles (element, particle size, inter-particle distances), and substrate used
(metal, dielectric, or combination). Nonetheless, the literature generally consists of three proposed
primary types of mechanisms, or effects, caused by plasmonic metal NPs that cause photocatalytic
enhancement: light trapping, charge transfer/separation, and reduction in diffusions lengths of
charge carriers (i.e., electrons and holes). The three mechanisms are summarized in Table 1-1.
Table 1-1: Proposed explanations for plasmonic enhancement of photocatalytic and semiconductor
Mechanism

Description and Relevance

References

Matching of Light
Absorption and
Charge Carrier
Diffusion Lengths

For metal NPs on the surface of a photocatalyst, localized
plasmonic fields generate charges close to the surface of the
semiconductor, where they have more chance to participate in
reactions.

(Hou & Cronin,
2013)

2

Table 1-1 (continued)
Mechanism

Description and Relevance

References

Charge Transfer

From semiconductor to metal nanoparticles: metal NPs act as
storage for electrons, increasing electron/hole pair lifetimes.

(Christopher,
Ingram, & Linic,
2010; Hou &
Cronin, 2013;
Verbruggen, 2015)

Light Trapping

- Scattering from surface metal nanoparticles: increases
optical path length so more light reaches semiconductor
particles
- Excitation of localized surface plasmons in metal
nanoparticles embedded in semiconductor:
- Includes near-field and far-field effects
- Electromagnetic field creates more electron/hole pairs in
semiconductor, improving chances for redox reactions.
- Electromagnetic field helps separate, and thus prevent
recombination of, electron/hole pairs in photocatalyst.
- Excitation of surface plasmon polaritons (SPPs) at the
interface of the metal/semiconductor: Light is coupled to
SPP modes or guided modes in the semiconductor,
converting light to charge carriers in the semiconductor.

(Atwater & Polman,
2010; Hou &
Cronin, 2013;
Kumar et al., 2011;
Linic et al., 2011;
Verbruggen, 2015)

1.2 Plasmonic Deactivation
Early research in plasmonic photocatalysis made special effort to coat metal nanoparticles
(NP), protecting them from direct contact with the photocatalyst, citing potential concerns that the
photocatalyst could oxidize the metal NP, thereby reducing or eliminating the benefit of the
plasmonic effect on photocatalysis (Awazu et al., 2008). To protect metal NP from oxidation, some
researchers have used coatings, such as silica (Awazu et al., 2008) and oxides of silicon (Al Tarazi
et al., 2014), palladium (Pickering, Bhethanabotla, & Kuhn, 2017b), carbon (S. M. Sun, Wang,
Zhang, Shang, & Wang, 2009), polymers (Asapu et al., 2017), and aluminum oxide (John,
Mahurin, Dai, & Sepaniak, 2010; Standridge, Schatz, & Hupp, 2009). Other researchers have
combined metal NP with metals or alloys, such as cobalt (Sachan et al., 2013) (used as a sacrificial
anode) or AgAl alloy (J. F. Wang et al., 2016); or have employed layering methods with materials
such as ferrocenecarboxylic acid (FDA) and aluminum-doped ZnO (AZO) (Mao et al., 2019).
3

Many studies, however, have also been published which show enhanced photocatalysis via
plasmonic metal nanoparticles, primarily silver, gold, and copper, without any protection from
oxidation (X. X. Chen et al., 2016; Christopher et al., 2010; Gao, Yang, & Wang, 2015; Ingram,
Christopher, Bauer, & Linic, 2011; Ingram & Linic, 2011; Janczarek, Wei, Endo, Ohtani, &
Kowalska, 2017; Nyamukamba, Tichagwa, Ngilab, & Petrik, 2017; Xie et al., 2010), some of
which suggest that the mere presence of the metal NPs themselves provide improved stability for
the photocatalysts (Einaga, 2006; Gao et al., 2015; Xie et al., 2010).
Other studies of PCO of organic compounds suggest that catalyst fouling or poisoning,
caused primarily by deposition and accumulation of carbon-containing compounds on the catalyst
surface, is a significant mechanism for catalyst deactivation (Einaga, Futamura, & Ibusuki, 2002;
Mo, Zhang, & Xu, 2013; Novello, Varanasi, & Liu, 2019; Ranjith & Kumar, 2017). This is true of
plasmonic and non-plasmonic (e.g., traditional) photocatalysts alike. Some researchers have
reported at least partial catalyst regeneration and removal of carbon compounds (such as
carbonate) from the catalyst surface via different means, including simply illuminating with light
(Novello et al., 2019), or by treatment with flowing helium (Hao et al., 2009) or water vapor
(Einaga, Futamura, & Ibusuki, 1999; Einaga et al., 2002; Einaga, Ibusuki, & Futamura, 2004).
Table 1-2 summarizes some of the possible mechanisms of catalyst deactivation, which have been
studied in the literature.
Table 1-2: Summary of possible mechanisms for catalyst deactivation, with literature references.
Mechanism

Description and Relevance

References

Photodecomposition
of photocatalyst

This mechanism is likely more significant for ZnO
than for TiO2, as TiO2 is known to be more stable
than ZnO.

(Gerischer, 1966; Lewis &
Rosenbluth, 1989)

Catalyst poisoning

Hydrocarbons, carbonates, and other deposits may
build up on the catalyst surface, blocking active
sites, or on the plasmonic nanoparticles, reducing
how much light reaches the particles.

(Einaga et al., 2002; Einaga et al.,
2004; Mo et al., 2013; Novello et
al., 2019; Ranjith & Kumar, 2017;
Schreck & Niederberger, 2019)
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Table 1-2 (continued)
Mechanism

Description and Relevance

References

Metal oxidation

This is the only mechanism that is specific to
plasmonic photocatalysis using metal NPs; oxygen
(or other trace substances) in the air may oxidize
metal nanoparticles, and thus reduce or eliminate
their plasmonic effect.

(Awazu et al., 2008; Pickering et
al., 2017b; Sachan et al., 2013)

Recent reviews on strategies to improve stability of semiconductor-based photocatalysts
sheds light on this important consideration when designing photocatalytic systems (Kang et al.,
2019; Weng, Qi, Han, Tang, & Xu, 2019). Generally, for plasmonic photocatalytic studies,
whether the semiconductors themselves or the metal NP have been protected from oxidation or
fouling, few researchers have presented significant discussion on catalyst stability, which must be
addressed if plasmonic materials are to deliver on their promise of improved photocatalysis.
Hillenkamp et al. found that, for silver clusters embedded in silica, oxygen or water penetrates
even dense silica matrices over just days, causing no detectable plasmon absorption peak after
three weeks at ambient conditions (Hillenkamp, Di Domenicantonio, Eugster, & Felix, 2007). The
researchers concluded that silica alone may not be able to stabilize metal clusters. Yao et al. studied
photocatalytic properties of WO3 loaded with AgCl NP and found significant catalyst deactivation
after just seven experimental runs, attributed primarily to transformation of AgCl to Ag2O (Yao,
Xue, & Shen, 2017). Interestingly, Guo et al. recently found that a plasmonic p-n heterojunction
Ag/Ag2O/PbBiO2Br photocatalyst showed little deactivation after four experimental cycles,
though gradually decreasing efficiency was observed after each cycle of visible light and nearinfrared (IR) irradiation (Guo et al., 2019). A nanocomposite of Ag-AgBr-TiO2 was employed by
Zhang et al. which showed improved catalytic performance and stability than TiO2 (Y. H. Zhang,
Tang, Fu, & Xu, 2011).
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Layering of photocatalysts, plasmonic metal NPs, and spacer/protective layers has also
been investigated by numerous researchers as a method for increasing catalyst stability. Lu et al.
(Lu et al., 2015) studied the effect of a LiF layer in contact with ZnO on catalyst deactivation.
Although the LiF layer slowed down catalyst deactivation, significant deactivation, over the course
of 240 days, was observed for the samples when kept in a drying cabinet with a low relative
humidity under ambient atmosphere. The researchers found even more catalyst deactivation when
their samples contained plasmonic gold nanoparticles in addition to the LiF and ZnO layers. Lee
et al. reported increased photocatalytic activity and stability of Ag-Cu2O core-shell nanoparticles
as shell thickness increased (Lee, Shin, Lee, Jung, & Lee, 2018). However, the researchers inferred
the increased stability on transmission electron microscope (TEM) images of pre- and post-tested
samples, and not on repeated runs. Another study on stabilizing shell structures was conducted by
Römer et al., but from the perspective of environmental persistence of silver nanoparticles in the
environment (Romer, Wang, Merrifield, Palmer, & Lead, 2016). These researchers found that
fluvic acid (FA) was able to create a corona around silver nanoparticles that colloidally stabilized
the nanoparticles for weeks to months, depending on the solution conditions.
Despite the findings by Hillenkamp et al., which suggest that even silica can be penetrated
by oxygen or water, which can act to reduce the plasmon peak of plasmonic nanomaterials
(Hillenkamp et al., 2007), silica (SiO2) still remains a popular candidate as a protective coating for
plasmonic photocatalysts. One relevant reason is that silica is highly transparent, allowing UV and
visible light to reach underlying layer(s). Another important but often less cited reason is that silica
alone in combination with TiO2 has been shown to improve catalytic performance due primarily
to enhanced contaminant adsorption on the catalyst surface, increasing exposure to hydroxyl
radicals (•OH) (Jafry, Liga, Li, & Barron, 2011; Liga, Maguire-Boyle, Jafry, Barron, & Li, 2013).
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Layering plasmonic photocatalysts with silica has been conducted by numerous research groups,
with a variety of preparation methods, including: embedding Ag NPs (prepared by evaporation
followed by annealing) into sputtered silica (Awazu et al., 2008; Liu et al., 2018), or silica
deposited via electron beam (e-beam) evaporation (Lacy, Williams, Wenzler, Beebe, & Harris,
1996; N'Konou, Chalh, Lucas, Vedraine, & Torchio, 2019) or e-beam evaporation with ionassisted deposition (IAD) (Chiu et al., 2014); coating Ag NPs (prepared by galvanic displacement)
by silica deposited via atomic layer deposition (ALD) (Kumar et al., 2011); and wet chemistry
processes such as polyol reduction to produce Ag NPs, coated with silica using the Stöber process
(a sol-gel technique), for colloidal core-shell plasmonic photocatalysts (Bai et al., 2016; Pinho,
Rojas, & Mosquera, 2015; Zhou et al., 2013).
1.3 Fabrication of Metal Nanoparticles
The most common methods employed for fabrication of metal nanoparticles for plasmonic
applications (typically gold, silver, and copper) generally involve colloidal synthesis, which then
requires additional processing to deposit on small substrates (typically glass microscope slides).
Two particularly important methods are the well-known citrate-reduction method (Bastus,
Merkoci, Piella, & Puntes, 2014) and polyol synthesis method (Christopher et al., 2010). Protecting
metal NPs with silica has been conducted by numerous researchers, for a variety of applications,
and with a variety of preparation methods, in particular the Stöber process (a sol-gel technique),
for colloidal core-shell plasmonic photocatalysts (Pinho et al., 2015); coating NPs (prepared by
galvanic displacement) by silica deposited via atomic layer deposition (ALD) (Kumar et al., 2011);
and embedding NPs (prepared by evaporation followed by annealing) into sputtered silica (Awazu
et al., 2008), or silica deposited via e-beam evaporation (N'Konou et al., 2019).
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Nanoscale materials fabricated by e-beam evaporation have previously been shown in
adsorption enhancement in silicon-on-insulator waveguides (Stuart & Hall, 1996) and in
nanoparticle enhanced photodetectors (Stuart & Hall, 1998), light trapping for solar cells (Beck,
Polman, & Catchpole, 2009), high temperature surface enhanced Raman spectroscopy (SERS)
experiments (John et al., 2010), improving performance of organic solar cells (N'Konou et al.,
2019), anti-reflective coatings (Ho, Fen, & Liu, 2018), enhancement of silicon solar cells (Pillai,
Catchpole, Trupke, & Green, 2007), and aqueous-phase photocatalysis (Awazu et al., 2008).
These studies involved nanostructures on silicon-based wafers or glass slides.
1.4 Motivation
In light of the above discussion, our main motivation is to improve photocatalytic
performance of traditional photocatalysts by harnessing the plasmonic effect of metal
nanoparticles. Due to the oxidation or fouling observed by some researchers in this field, as
discussed above, we also aim to improve the lifetime and stability of our plasmonic photocatalysts
without significantly sacrificing the plasmonic effect. Additionally, through this process, a further
motivation of our work is to improve our understanding of the reaction kinetics of plasmonic
photocatalysis, in particular for gas-phase oxidation of total volatile organic compounds.
To achieve the aforementioned objectives, in this study we have developed a silicaprotected (i.e., silica-coated) silver nanostructure process using e-beam evaporation and rapid
thermal annealing, developed as an alternative to the more traditional colloidal synthesis methods,
and envisioned as being more suitable for large-scale gas-phase photocatalytic applications. As
such, we have utilized ribbed aluminum structures suitable for reactor applications that optimize
fluid flow behavior while allowing light exposure for photocatalysis. In addition to
physicochemical characterization, the structures were analyzed using FDTD to ensure a balance
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between improved catalytic performance via the enhanced electromagnetic fields of the Ag
nanoparticles, and protection from fouling via the SiO2 coating. The photocatalysts were then
tested in cycled photocatalytic oxidation (PCO) experiments under UV-A illumination to verify
consistency of plasmon-enhanced performance and stability of catalysts.
In addition, we developed composite ZnO/Ag and TiO2/Ag photocatalysts for gas-phase
degradation of toluene in conditions typical of indoor air. The photocatalysts were synthesized on
aluminum substrates that were molded with ribs to allow for turbulent mixing in a plate-type flowthrough reactor. Photocatalysts were produced via an easy and scalable method that employed
electron beam (e-beam) evaporation followed by rapid thermal annealing (RTA).With the aim to
investigate catalyst deactivation as a function of exposure time with UV-A light [peak 365 nm,
full width half max (FWHM) 20 nm] during PCO of toluene, we carried out systematic
experiments comparing silica-protected (i.e., silica-coated) and unprotected (i.e., uncoated)
plasmonic photocatalysts. We also compared the performance of traditional photocatalysts (ZnO
and TiO2). Additionally, as mentioned above, we also aim to improve understanding of the reaction
kinetics of plasmon-enhanced photocatalytic oxidation of gas-phase toluene, which is essential for
the design of scalable indoor/outdoor air pollution control equipment. To that end, by measuring
the concentration of total volatile organic compounds (TVOC) over cycled experimental runs, we
calculated and compared apparent quantum yields and reaction rate constants for the layered
plasmonic photocatalysts used in this study, offering additional insight into the kinetics of
plasmon-enhanced photocatalysis.

9

Chapter 2: Materials and Methods
2.1 Silver-Coated Plasmonic Photocatalysts
2.1.1 Preparation of Substrates
Sample substrates were aluminum strips, 0.25 mm-thick, each with a geometric surface
area of 56 cm2 (4.45 cm wide, 12.7 cm long). Substrates were dye-molded with isosceles triangleshaped ribs (1 mm height, 2 mm width, separated by 5 mm between ribs) to promote turbulence
and mixing for use in a plate-type flow-through gas-phase reactor, after the work of Zhang et al.
(Y. Zhang, Stefanakos, & Goswami, 2013) and Goswami et al. (Dharendra Y. Goswami, Zhang,
& Stefanakos, 2018). Following dye molding, substrates were sandblasted with Black Beauty ®
blast grit to create a roughened surface. All substrates were subsequently cleaned, rinsed with
distilled water, and then dried.
2.1.2 Coating of Substrates with Photocatalyst
Four sample substrates were used for each experimental run, for a total geometric surface
area of 224 cm2. Photocatalyst material, either titanium dioxide (P25 Degussa) or zinc oxide
(Sigma Aldrich), was dispersed in reagent alcohol (LabChem, 70% v/v), magnetically stirred, then
ultrasonicated for 1 hour. The slurry was then applied to the substrates with a Paasche air brush,
with compressed air (~275 kPa) as the propellant, then dried (~90 °C for about 1 hour).
Photocatalyst was applied at 0.89 mg/cm2 (i.e., 200 mg photocatalyst per four substrates).
2.1.3 Synthesis of Silver Nanoparticles
Following preparation and coating with photocatalyst, substrates were then coated with
silver nanoparticles. Silver nanoparticles were formed by a two-step process. The first step
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involved depositing a thin film via electron beam (e-beam) evaporation in an AJA International
PVDX - 1800 Series Thin Film Deposition System, in which multiple substrates could be coated
simultaneously (typically between 4 to 8 at a time). The silver source was melted silver pellets
(99.99% purity, Kurt Lesker) contained within a carbon-based crucible (FabMate ©, 99.9995%
carbon, Kurt Lesker). Approximate parameters for silver deposition were 20 µTorr initial vacuum,
between 60 to 210 µTorr vacuum during deposition, 8.0 kV voltage, between approximately 60 to
150 mA current, and a deposition rate ranging from 0.2 to 1.5 Å/s. The applied silver mass was
calculated by comparing the pre- and post-deposition weights for each substrate, as measured with
a Sartorius model R180D balance, sensitive to ± 10 µg. Following e-beam deposition, the second
step of the process was rapid thermal annealing at 500°C for 1 min under flowing nitrogen gas in
a MTI Corporation model OTF-1200X rapid thermal processor (RTP). The RTP temperature rise
rate was set to 25°C/sec. The cooling rate could not be controlled but was similar (~25°C/sec)
down to a temperature of approximately 300°C, then slower down to 200°C, at which point
samples were removed (typical total cooling time of about five minutes or less).
2.2 Layered Plasmonic Photocatalysts
All equipment and materials used for preparation of the layered plasmonic photocatalysts
were the same as used for the silver-coated plasmonic photocatalysts (Section 2.1). Substrate
preparation was performed as in Section 2.1.1. Silver nanoparticles were then prepared as
described in Section 2.1.3.
2.2.1 Samples Without a Silica Spacer Layer
To initially test the effectiveness of a layered fabrication approach, plasmonic
photocatalysts were produced without a silica spacer layer between the aluminum substrate and
the silver nanoparticles. Once silver nanoparticles were prepared, a silica coating layer of
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approximately 5 nm thickness was applied over the silver nanoparticles. For these samples, the
silica spacer layer was deposited via e-beam evaporation onto each substrate, with the source being
silica pieces (99.99% purity, Kurt Lesker) contained in a carbon-based crucible (FabMate ©,
99.9995% carbon, Kurt Lesker). Producing thin films of silica at low deposition rates via e-beam
evaporation is difficult because silica sublimes, and because there is only minimal thermal
conductivity through the silica, which means deposition rates will be much faster than for metals,
if operating parameters are the same. As such, to achieve low depositions rates ~1 Å/s, silica
deposition involved significantly lower current (~20 mA instead of ~200 mA) and, if necessary,
lower voltage (6 kV instead of 8 kV), than for silver deposition.
Following preparation of the silica coating layer, 100 mg of titanium dioxide , with primary
particle size of ~20 nm and specific surface area ranging from 35 to 65 m2/g (commercially
available P25 Degussa), were dispersed in reagent alcohol (LabChem, 70% v/v), magnetically
stirred, then ultrasonicated for 1 hour. The slurry was then applied with a Paschen air brush, with
compressed air ~275 kPa as the propellant, to four substrates (total surface area of ~224 cm2) at a
time for a total coverage of 0.44 mg/cm2. Samples were then dried at ~90 °C for about 1 hr. For
comparison with TiO2 alone, baseline aluminum substrates were prepared in the same way as for
plasmonic samples, and with the same mass of TiO2.
2.2.2 Samples with a Silica Spacer Layer
Samples with a silica spacer layer were prepared with two silica layers: a silica spacer layer
directly above the aluminum substrate and a silica coating layer above the silver nanoparticles (i.e.,
silver nanoparticles were located between the silica spacer and silica coating layers). The silica
spacer layer in each of these samples was produced similarly to the silica coating layer as described
in Section 2.2.2). While the samples without the silica spacer layer (Section 2.2.1) were used to
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verify whether a silica coating would improve the stability of the plasmonic samples, the purpose
of the samples that also contained a silica spacer layer was to allow these samples to contain the
same approximate amount of exposed silica as the control samples (TiO2 over SiO2), which would
ensure that any measured performance enhancement versus TiO2 was due to the silver
nanoparticles and not to the potential added enhancement from silica (Jafry et al., 2011; Liga et
al., 2013). All equipment and materials used for preparation of silver-coated plasmonic
photocatalysts (Section 2.1) were also used to prepare the layered plasmonic photocatalysts.
An additional distinction between the layered samples with and without a silica spacer
layer was the preparation of the TiO2. Some researchers have demonstrated improved crystallinity
and photocatalytic properties of annealed TIO2 (Bessergenev, Mateus, do Rego, Hantusch, &
Burkel, 2015; Mathews, Morales, Cortes-Jacome, & Antonio, 2009). To take advantage of this
potential enhancement, the photocatalyst material for the benchmark sample (TiO2 on SiO2 spacer)
and for the layered plasmonic photocatalyst samples was titanium dioxide powder (P25, Degussa),
pre-annealed at 600 °C for 20 min under flowing nitrogen gas. The photocatalyst was then applied
to the samples as described in Section 2.1.2, but at a reduced coverage of approximately 0.22
mg/cm2 so as to balance exposure of TiO2 and underlying plasmonic nanoparticles.
2.3 Material Characterization
Nanoscale imaging was achieved with a Hitachi S800 scanning electron microscope (SEM)
for higher voltage (25 kV) imaging, and a Hitachi SU70 SEM was used for lower voltage (20 kV)
imaging. UV-Vis spectroscopy was performed with an Ocean Optics USB-2000 UV-Vis-NIR
spectrometer, calibrated to a barium sulfate (BaSO4) standard of zero absorbance and 100%
reflection in the instrument’s analysis range. Fourier Transform - Infrared (FT-IR) spectrometry
was conducted using a Perkin-Elmer Spectrum 100 Instrument with a Universal Attenuated Total
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Reflectance (UATR) accessory. E-beam deposition masses were measured with a Sartorius model
R180D balance, sensitive to ± 10 µg. X-ray diffraction (XRD) analysis of photocatalyst material
was conducted using a Bruker XRD - D2 Phaser instrument, and X-ray photoelectron spectroscopy
(XPS) analysis of plasmonic photocatalyst samples on substrates was conducted using a Physical
Electronics (PHI) model 5400 LS (large stage) X-Ray Photoelectron Spectrometer.
2.4 Photocatalytic Oxidation Experiments
Catalyst performance was evaluated by photocatalytic oxidation experiments in a gasphase recirculating batch reactor system, run in recycle to assess catalyst stability. The reactor was
a plate-type flow-through reactor as discussed above, placed in an air-tight enclosed 0.6 m3 steel
chamber (Figure 2-1). The reactor was equipped with a 12V DC fan, which acted to pull air through
the reactor and over the catalyst surface. The fan also functioned to mix the air within the chamber.
The reactor used five (5) commercially available 8W blacklights, which emitted UV-A light at 365
± 20 nm (FWHM) and at an intensity of approximately 1033 W/m2. Sample substrates (prepared
as described in Sections 2.1 and 2.2) were laid down in series of four on the reactor bed, exposed
to the UV-A lamps. The probe and meter were calibrated by the manufacturer, and within the
manufacturer’s recommended calibration during all photocatalytic oxidation experiments.
For all experiments, the chamber atmosphere was lab air. For layered plasmonic
photocatalysts without a silica spacer layer (Section 2.2.1), which were used as screening
experiments to test the effectiveness of the layered fabrication approach, the initial relative
humidity and initial temperature were approximately 46 ± 6% and 25 ± 2 °C, respectively. For
experiments with silver-coated plasmonic photocatalysts (Section 2.1) and layered plasmonic
photocatalysts with a silica spacer layer (Section 2.2.2), the initial relative humidity and initial
temperature were approximately 38 ± 5% and 28 ± 2 °C, respectively.
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(a)

(b)
(c)

Figure 2-1: Photocatalytic oxidation reactor. (a) Schematic of photoreactor (reprinted with
permission from Zhang (Y. Zhang et al., 2013)), and (b) inside of reactor with sample loaded and
(c) reactor chamber with probe and meter.

15

While some researchers have shown that photocatalytic oxidation of gas-phase toluene can
occur in the absence of water vapor (Debono et al., 2011), in particular with the primary oxidation
pathway occurring via a photogenerated hole (Ishibashi, Fujishima, Watanabe, & Hashimoto,
2000) or via the use of oxygen molecules (Larson & Falconer, 1997), humid air has generally been
shown to be necessary to improve and maintain catalyst performance (Einaga et al., 2002; D. Y.
Goswami, Trivedi, & Block, 1997; Maira et al., 2001; Verbruggen, 2015) via the use of water in
the formation of hydroxyl radicals (Einaga et al., 2002; L. Z. Sun & Bolton, 1996). For TiO2, this
range of relative humidity has been shown to exhibit a balance that optimizes toluene degradation
while minimizing formation of undesirable reaction intermediates (Jeong et al., 2013; Mo et al.,
2013), and is of a molar ratio of ~1.5 ´ 10-2, which is on the order of moisture content shown to
help deter catalyst deactivation (Maira et al., 2001). Likewise, although the effect of temperature
is typically small for photo-assisted reactions (D. Yogi Goswami, 2015), moderate temperatures
(room temperature) have been shown to be optimal for photocatalytic oxidation of toluene by TiO2
(Kim, Hwang, & Hong, 2002).
For each run, liquid toluene was injected via septa and reached a steady-state concentration
of 978 ± 74 ppb for layered plasmonic photocatalysts without a silica spacer layer, and 1200 ± 200
ppb for silver-coated plasmonic photocatalysts and layered plasmonic photocatalysts with a silica
spacer layer. Steady-state concentration was typically reached within about 10 minutes of injecting
the liquid toluene. Total volatile organic compounds (TVOCs), relative humidity (%), and
temperature (°C) were measured with a GrayWolf DirectSense II multi-sensor smart probe, taking
semi-continuous measurements and averaging each value over 30-second intervals (two averages
per minute). For each run, following steady-state initial concentration in the reaction chamber, the
run would initiate by beginning to record parameters on the meter and turning on the UV-A lamps.
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The probe and meter were calibrated by the manufacturer, and within the manufacturer’s
recommended calibration during all photocatalytic oxidation experiments.
2.5 Apparent Quantum Yields, Rate Constants, and Figures of Merit
Herrmann (Herrmann, 2010) has recommended that, in every photocatalytic study, one
should determine the quantum yield, which is the ratio of the rate of reaction to the rate of
absorption of radiation. However, because it is very difficult to assess the rate of absorption of
ultra-bandgap photons, a more useful term is the apparent quantum yield (also referred to as the
photonic efficiency), which is the ratio of the rate of reaction to the incident monochromatic light
intensity (Mills & LeHunte, 1997). For comparing photocatalytic activities of different
photocatalysts for solid/gas systems, Kisch and Bahnemann (Kisch & Bahnemann, 2015)
recommend measurement of apparent quantum yield as opposed to comparing rate constants,
which is what is usually done in thermal chemistry.
Apparent quantum yields (FTol) were calculated using the experimentally determined
toluene degradation rates and incident photon flux using the following formula:
Φ !"# =
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where RTol is the initial degradation rate of toluene, J is the photon flux, and A is the irradiated
area. Due to the formation of products and reaction intermediates, kinetic modeling is often limited
to initial rates (Bouzaza & Laplanche, 2002; Kim et al., 2002). Initial toluene degradation rates
were approximated using the first ten minutes of each experimental run, following the work of
Bouzaza and Laplanche (Bouzaza & Laplanche, 2002).
Additionally, the Langmuir-Hinshelwood (L-H) rate equation is often used to model the
kinetics of heterogeneous gas-solid catalyzed adsorption reactions (Fogler, 2006), including

17

photocatalytic oxidation reactions (D. Yogi Goswami, 2015; Hoffmann, Martin, Choi, &
Bahnemann, 1995). For the toluene concentrations used in this study, the L-H rate equation has
been found to satisfactorily describe the kinetics of gas-phase photocatalytic oxidation of toluene
(Debono et al., 2011). For this study, reaction rate constants were approximated assuming pseudofirst-order kinetics, and calculated as the slope of the linear regression of the plot of ln(C0/C) versus
time (D. Y. Goswami, 1995; Pickering, Bhethanabotla, & Kuhn, 2017a).
Some researchers also present a figure of merit (FOM) in an attempt to normalize reactor
conditions for comparison among different studies (Anwer & Park, 2018; Vikrant, Park, Kim,
Kumar, & Jeon, 2019). While apparent quantum yields and reaction rate constants are typically
considered the most important and relevant factors for photocatalytic studies, the present study
also presents results of percent degradation (for first 90 minutes of each run) and FOM. Here,
FOM is defined as follows:
𝐹𝑂𝑀 = ,

%/01
()* × 3+,-
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(2-2)

where %Deg is the change in concentration (initial minus final concentration) of a run over the
initial concentration, mcat is the mass of photocatalyst (TiO2), trun is the total time (min) for each
run, and P is the power applied (Watts).
2.6 Finite Difference Time Domain Modeling
Theoretical calculations and simulations of plasmonic effects, in particular enhanced
electromagnetic fields produced by metal nanoparticles upon illumination by UV-Vis light, were
conducted using Lumerical FDTD by Lumerical Inc. (Lumerical, 2020), a computer simulation
software that employs the finite difference time domain (FDTD) numerical solution method to
Maxwell’s Equations of classical electrodynamics. While some researchers have proposed hybrid
quantum/classical models to explain surface plasmon resonance (SPR) effects for small particles
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(<10 nm diameter) (Awazu et al., 2008), classical models have been successful at predicting
plasmonic effects (Raether, 1988), in particular since the early work by Mie (Mie, 1908) and Gans
(Gans, 1912). Silver nanoparticles of 40 and 50 nm diameters, with and without a 5 nm silica
coating layer and varying the thickness of the silica spacer layer, were modeled by FDTD method.
Silver nanoparticle sizes were chosen corresponding to particle sizes most commonly employed
in plasmonic applications.
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Chapter 3: Silver-Coated Zinc Oxide Plasmonic Photocatalysts
3.1 Structural and Optical Characterization
Figure 3-1 shows a photographic comparison of a typical silver-coated zinc oxide sample
prior to and following annealing. The weight percent of Ag to ZnO for each sample is labeled in
square brackets (e.g., ZnO/[0.5]Ag). The color change from pre- to post-annealing was attributed
to the fragmentation of the Ag film into Ag NP on the surfaces of the larger ZnO NPs.
Representative SEM micrographs of the silver-coated samples are shown in Figure 3-2.

Figure 3-1: Pre-annealing (left) and post-annealing (right) for ZnO/[0.5]Ag samples (with total Ag
mass loading weight percent in brackets).
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Figure 3-2: Representative SEM micrographs of samples. (a) ZnO/[0.4]Ag and (b) ZnO (120kx
magnification); and (c) TiO2/[0.3]Ag and (d) TiO2 (250kx magnification).
SEM micrographs show Ag NPs adhering to the surface of the larger ZnO NPs. Results of
particle diameter and inter-particle distance measurements are shown visually in Figure 3-3. The
samples with higher percent Ag mass loading (ZnO/[0.5]Ag and ZnO/[0.4]Ag) had greater
variability in particle diameter and inter-particle distance than the sample with lower percent Ag
mass loading (ZnO/[0.3]Ag). The higher variability may explain the pink hues observed in the
mostly yellow ZnO/[0.5]Ag and ZnO/[0.4]Ag samples, versus the fairly homogenous yellow color
observed in the ZnO/[0.3]Ag sample.
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Figure 3-3: Particle size distributions (left) and inter-particle distance distributions (right) for each
sample. The percentage of diameters or distances between each value on the x-axis and the
previous value is plotted on the x-axis.
Figure 3-4 presents UV-Vis spectra for samples used in the PCO experiments. The
absorbance peak in ZnO drops sharply at wavelengths of about 375 nm, with little to no absorbance
after a wavelength of about 390 nm. The ZnO/Ag NP composite samples each showed two peaks,
one in the UV region and one in the visible region, with precise locations dependent on whether a
yellow area or pink area of the sample was analyzed. For yellow areas, a narrow peak was observed
typically around 370 nm, with a broader second peak observed along 440 to 465 nm. For pink
areas, a narrow peak was also typically observed around 370 nm, with a much broader second peak
observed between 490 to 510 nm.
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Figure 3-4: UV-Vis spectra of ZnO and of the three ZnO/Ag NP samples (Ag:ZnO weight percent
in brackets). Spectra presented are offset for clarity and for the purpose of observing peak locations
and relative peak heights only. Samples labeled ZnO/[0.5]Ag and ZnO/[0.4]Ag were mostly
yellow but had hues of pink, so colors indicated in parentheses refer to spectra for an area of the
respective sample with the indicated color. The sample labeled ZnO/[0.2]Ag was primarily yellow
in color and, as such, only one spectra is presented.
3.2 Photocatalytic Oxidation Experiments
Gas-phase photocatalytic oxidation of toluene is presented in Figure 3-5. Apparent
quantum yields and reaction rate constants are presented in Table 3-1.
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Figure 3-5: Toluene degradation over time for ZnO, TiO2, and ZnO/Ag nanocomposites. The data
for the ZnO runs includes the average (solid line) ± one standard deviation for six runs, which
included multiple runs of freshly prepared ZnO for a more conservative comparison to the ZnO/Ag
nanocomposites. The red and green dashed curves show the results of the fastest runs for ZnO and
TiO2, respectively, for comparison.
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Table 3-1: Summary of reaction kinetics results for silver-coated plasmonic photocatalysts.
Apparent Quantum Yields (FTol) based on initial degradation rates (first ten min), and rate
constants (k²), assuming pseudo-first order kinetics and normalized by reactor section volume over
illuminated geometric surface area), for breakdown of toluene for each run (R1-R4). Reported
values for ZnO and TiO2 (P25) are for the runs with the fastest observed degradation.
FTol
[%]

Ag mass
[mg/cm2]

Ag/ZnO
[%]

Ag particle
diameters
[nm]

R1

R2

R3

R4

R1

R2

R3

R4

TiO2

-

-

-

11.0

-

-

-

0.96

-

-

-

ZnO

-

-

-

4.0

-

-

-

0.34

-

-

-

ZnO/[0.3]Ag

0.0023

0.27

12 ± 5

9.4

9.4

-

-

0.56

0.49

-

-

ZnO/[0.4]Ag

0.0035

0.39

34 ± 15

6.2

12.3

11.5

-

1.34

1.00

0.83

-

ZnO/[0.5]Ag

0.0043

0.48

22 ± 16

4.5

7.3

9.1

7.5

1.21

0.68

0.53

0.39

Sample

k² *103
[cm / (cm2 * s)]
3

Despite the improved performance of ZnO/Ag nanocomposites over pure ZnO, catalytic
performance decreased after each run. For the plasmonic photocatalysts, the reaction rate constants
(Table 3-1) and the overall degradation rates (Figure 3-5) steadily decreased after each run,
whereas the apparent quantum yields increased from the first run to the second run, then
subsequently decreased for the two samples with higher Ag loading. Doucet et al (Doucet, Zahraa,
& Bouchy, 2007), for example, showed similar phenomenon for the gas-phase degradation of
benzene in a continuous flow reactor, but did not provide an explanation. An initially slow
degradation rate (or an initial increase in TVOC concentration) may be due to adventitious
hydrocarbons (Broers, Molzen, Cuomo, & Wittels, 1976), which act to initially block the surface
area (and thus active sites) of a photocatalyst (Kisch & Bahnemann, 2015), being degraded (or
released, re-adsorbed, then degraded) after UV illumination (reaction initiation). It is also
acknowledged that the formation of reaction intermediates (P. Chen et al., 2020), either from
degradation of toluene or degradation of reaction intermediates, may also cause an initial increase
in TVOC concentration. However, runs with UV light only, and with UV light and bare substrate
only (no photocatalyst or plasmonic particles), show that TVOC concentration increases and
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approaches a plateau over time, suggesting that adventitious hydrocarbons are present on
illuminated surfaces, and that UV light provides enough energy to release the hydrocarbons from
the surfaces initially but not enough to break down the compounds (Figure 3-6).
The plateau in Figure 3-6 is higher when the bare substrate is present, likely due, at least
in part, to the higher surface area from the ribs and sandblasted texture of the substrates, versus
the relatively smooth reactor bed surface. Thus, the initially slower degradation rate for the
plasmonic photocatalyst samples is attributed to competition between oxidation of toluene and
release/oxidation of adventitious hydrocarbons, and then once the adventitious hydrocarbons were
substantially oxidized, the overall TVOC degradation rate increased. Furthermore, since apparent
quantum yield is typically calculated from the initial degradation rate alone (e.g., first ten min of
reaction), the initially slow degradation rates for the initial runs of the ZnO/Ag nanocomposites
result in low calculated apparent quantum yield. Notwithstanding, the apparent quantum yield for
TiO2 is on the same order as measured by others (Ishibashi et al., 2000; L. Z. Sun & Bolton, 1996).
Reaction rate constants are calculated over the experimental runs, hence the effect of the initial
rate is masked, highlighting the importance of calculating and reporting both parameters for gasphase photocatalytic oxidation studies.

Figure 3-6: Control experiments with UV light only, and with UV light and bare substrate only.
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Figure 3-7 presents results of preliminary screening experiments for numerous silvercoated TiO2 samples. These TiO2/Ag nanocomposites did not perform as well as TiO2, in spite of
the higher UV-Vis absorbance, particularly in the spectral region emitted by the UV-A lamps used
in the PCO experiments, for the TiO2/Ag nanocomposites versus TiO2. As Verbruggen
(Verbruggen, 2015) noted, higher absorption does not necessarily mean higher photoactivity. Note
that the TiO2/Ag nanocomposites exhibited an approximately even distribution of reddish and

C/C0

yellowish hues and, as such, UV-Vis spectra were taken for both colored regions in the samples.
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Figure 3-7: Toluene degradation over time for TiO2 and TiO2/Ag nanocomposites.
For the ZnO/Ag nanocomposites, the plasmonic enhancement effect overcomes the
inherent loss of exposed photocatalyst surface area (due to the presence of Ag NPs covering ZnO
particles). However, for the TiO2/Ag nanocomposites, the presence of Ag NPs covering the TiO2
particles appeared to have a net detrimental effect on catalyst performance. Although the TiO2
particle clusters (secondary particles) are comparable to the ZnO particle clusters (based on SEM
micrographs), the individual TiO2 particles (primary particles) appeared generally to be
significantly smaller than the individual ZnO particles. As such, the loss of active sites at the
surface (due to being covered by Ag NPs) appears to have had a more significant effect on the
TiO2/Ag nanocomposites than on the ZnO/Ag nanocomposites.
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Figure 3-8: Normalized UV-Vis spectra of TiO2 and TiO2/[0.4]Ag nanocomposite sample. Curves
shown are for red (-r) and yellow (-y) hues in the sample, which were approximately evenly
distributed. The peak spectral distribution of the UV-A lamps used in PCO experiments is shown
as a vertical line, with the glow representing the FWHM.
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Chapter 4: Layered Plasmonic Photocatalyst Experiments
4.1 Introduction
Due to the consistent deactivation of the silver-coated photocatalysts, additional
experiments were designed and carried out to improve catalyst stability. To that end, a thin (~5
nm) protective layer of silica (SiO2) was added between the plasmonic silver (Ag) nanoparticles
(NP) and the top photocatalyst layer, as described in Section 2.2. In addition, the transition metal
dichalcogenides, like TiO2, are generally very resistant to photo-corrosion and more stable than
binary semiconductor compounds, like ZnO (Lewis & Rosenbluth, 1989). In addition to protection
of the silver nanoparticles with silica, and in light of the results of the silver-coated plasmonic
photocatalysts, layered plasmonic photocatalysts were developed using TiO2 instead of ZnO. To
avoid sacrificing the exposed surface area of the photocatalyst, the silica-protected silver
nanoparticles were layered beneath the TiO2.
4.2 Material Characterization
4.2.1 Scanning Electron Micrographs
SEM micrographs of the silica-protected and unprotected Ag nanoparticles, with TiO2
particles on top, are shown in Figure 4-1. For the silica-protected silver nanoparticles, the silica
spacer layer thickness was 5.2 ± 3.7 nm, with silver nanoparticle sizes averaging 50 ± 10 nm, and
silica coating thickness of 5.0 ± 4.0 nm. For the unprotected silver nanoparticles, the silica spacer
layer thickness was 4.9 ± 2.9 nm, with silver nanoparticle sizes averaging 40 ± 10 nm.
The fine texture (small spherical particles) on the surface of the Ag nanoparticles are the
evaporated silica particles from the silica coating. This was confirmed by lower voltage (20 kV)
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SEM imaging, without the use of a gold-palladium conductive coating, to ensure that the fine
texture was not a result of the conductive coating used for SEM imaging, as shown in Figure 4-2.

Figure 4-1: SEM micrographs of (a, b) unprotected and (c, d) silica-protected silver nanoparticles
with TiO2. TiO2 coverage is ~0.22 mg/cm2. Magnification is 100kx in (a) and (c), and 250kx in
(b) and (d). Accelerating voltage was 25kV. Insets in (a) and (b) show schematics of unprotected
and silica-protected silver nanoparticles, respectively.
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Figure 4-2: Comparison of SEM micrographs for unprotected and silica-protected silver
nanoparticles. (a) Unprotected Ag nanoparticles and (b) silica-protected Ag nanoparticles on
aluminum substrate. Both images are at 200kx magnification and 20kV accelerating voltage.
Samples were imaged without a gold-palladium conductive sputter coating.
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4.2.2 X-Ray Diffraction of Titanium Dioxide
X-Ray powder Diffraction (XRD) measurements of TiO2, and TiO2 annealed as described
in Section 2.2.2, are presented below.

Figure 4-3: X-Ray Diffraction results for TiO2 powder as supplied (P25 Degussa) and TiO2
powder annealed at 600°C under flowing nitrogen atmosphere for 20 minutes.
The XRD results in Figure 4-3 show no apparent difference between TiO2 as supplied (P25
Degussa) and TiO2 annealed at 600ºC under a flowing nitrogen atmosphere for 20 minutes.
4.2.3 UV-Vis Spectroscopy of Titanium Dioxide
UV-Vis spectroscopy of TiO2 powder, and of TiO2 powder annealed as described in
Section 2.2.2, are presented below.
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Figure 4-4: UV-Vis spectroscopy of TiO2 powder as supplied (P25 Degussa) and TiO2 powder
annealed at 600°C under a flowing nitrogen atmosphere for 20 minutes.
The UV-Vis spectroscopy results in Figure 4-3 show no apparent difference between TiO2
as supplied (P25 Degussa) and TiO2 annealed at 600ºC under a flowing nitrogen atmosphere for
20 minutes.
4.2.4 Finite Difference Time Domain Simulations and UV-Vis Spectroscopy of
Plasmonic Samples
Measured and modeled (FDTD) normalized UV-Vis spectra for silica-protected samples
are shown in Figure 4-5(a) and (b). The spectra show that the silica-protected samples have two
peaks, one in the UV-A region and one in the visible region. The presence of two peaks for silver
nanoparticles in the ~50 nm size range is consistent with the literature (Awazu et al., 2008). The
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silica coating acts to slightly red-shift both the UV-A and visible peaks, as compared to unprotected
samples (Figure 4-6). The FDTD modeled results in Figure 4-5(a) for silica-protected samples
show a close match with peak location for the UV-A peak, but are ~100 nm less than the visible
peak location. It should be noted that the UV-Vis measured results outside the wavelength of 300
to 700 nm exhibit increased noise. As such, the observed rise in absorbance at wavelengths below
about ~320 nm appears to be an artifact of the UV-Vis spectrophotometer. This phenomena has
also been observed in other studies of plasmonic photocatalysis, including the pioneering study by
Awazu et al. (Awazu et al., 2008).
Figure 4-5(a) shows that decreasing the thickness of the silica spacer layer resulted in
relatively small changes in the location of the UV-A peak, but more significant red-shifting of the
peak in the visible range. Pillai et al. (Pillai, Beck, Catchpole, Ouyang, & Green, 2011) found
similar results, for comparably-sized particles, applied to plasmon enhanced solar cells. The
modeled results with a 15 nm spacer thickness provide a fairly close match to the measured results,
with only a slight shift in the UV-A peak. Similar results were observed for varying the silica
spacer layer in the unprotected samples (Figure 4-6), except that the visible peaks were generally
blue-shifted from the corresponding peaks in the silica-protected samples.
Results presented in Figure 4-5(b) show that, for silica-protected samples that are prepared
without a silica spacer layer, measured and modeled results show almost exact agreement with
respect to the location of the UV-A peak (~379 nm), well within the spectrum of the light source
used in the photocatalytic oxidation experiments (365 ± 20 nm), though the model does not predict
the broad peak near 600 nm in the measured data for the experimental sample.
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Figure 4-5: Measured and modeled (FDTD) UV-Vis spectra for silica-protected TiO2-based
layered plasmonic photocatalyst samples. (a) Silica-protected sample with silica spacer layer and
(b) silica-protected sample with no silica spacer layer. The peak spectral distribution of the UV-A
lamps used in PCO experiments is shown as a vertical line, with the glow being full-width halfmax (FWHM). Solid curves represent measured data from experimental samples, dashed lines
represent modeled results from FDTD simulations. Peak locations for measured and modeled
spectra are emphasized by solid and dotted vertical lines, respectively.
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While electron beam evaporation and rapid thermal annealing produces repeatable results,
some heterogeneity can be expected to exist among samples. The difference between measured
and modeled results for the visible peak location may be due in part to some heterogeneity in silica
spacer thickness within each sample, as well as some heterogeneity in the thickness of the silica
coating. Also, while the FDTD model idealizes smooth silica spacer and coating layers, the actual
samples exhibited texture, as shown in Figure 4-1.

Figure 4-6: Measured and modeled (FDTD) UV-Vis spectra for unprotected sample with silica
spacer layer. The peak spectral distribution of the UV-A lamps used in PCO experiments is shown
as a vertical line, with the glow being the FWHM. Solid curves represent measured data from test
samples, dashed lines represent modeled results from FDTD simulations. Peak locations for
measured and modeled spectra are emphasized by solid and dotted vertical lines, respectively.
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Electric field profiles of silver nanoparticles were simulated at an incident light source
wavelength of 364 nm (the approximate peak wavelength used in PCO experiments). Results of
the simulations for silica-protected and unprotected silver nanoparticles are presented in Figure
4-7 and Figure 4-8, respectively, showing enhanced electric fields far beyond the silver
nanoparticle surfaces, even when silica-protected. The electric fields produced by the Ag
nanoparticles do not penetrate significantly into the aluminum substrate, which begins at z = -20
nm, as shown in the simulation results. Although electric fields were strongest along the silver
surface, plasmonic enhancement is evident in overlapping fields between neighboring particles.

Figure 4-7: Electric field profile, in plan view, of silica-protected silver nanoparticles on aluminum
substrate with silica spacer layer. Inset shows cross-sectional view. Incident (source) light
wavelength is 364 nm. The color scale represents the relative electric field intensity.
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Figure 4-8: Electric field profile, in plan view, of unprotected silver nanoparticles on aluminum
substrate with silica spacer layer. Inset shows cross-sectional view. Incident (source) light
wavelength is 364 nm. The color scale represents the relative electric field intensity.
Results of additional FDTD simulations are provided in Figure 4-9. These results show the
electric field profile, resulting from a pulse of light (near UV-Vis range) incident on the silver
nanoparticles, at various distances from the surfaces of silver nanoparticles. Once the light pulse
expires at about 7 femtoseconds (fs), the E field begins to decay and ultimately approaches almost
zero (arbitrary units). The E field at the silver and silica coating surfaces is detectable for more
than 10 fs after the E field peak at 7 fs. And at distances of 9 and 17 nm from the silica coating
surface, the E field is still detectable for 5 and 8 fs, respectively, after the E field peak at 7 fs. The
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simulations demonstrate that the plasmon enhanced electric fields can still be sensed by TiO2
clusters in contact with, or near to, the silver nanoparticles that produce the electric field upon
incidence of light with energy at the plasmon resonance frequencies

Figure 4-9: Simulated electric field profiles, generated upon incident light in the near UV-Vis
range, at different distances from the silica-protected silver nanoparticles.
4.3 Fourier Transform – Infrared Spectroscopy
FT-IR spectra for the layered plasmonic photocatalysts (TiO2 on SiO2-coated silver
nanoparticles, on aluminum substrate with silica spacer layer) are presented in Figure 4-10. The
two peaks in the region between ~800 and ~1300 cm-1 are comparable to peaks that have been
explained by some researchers to represent Si-O-Si bonds and SiO2 (Dudek, Podworny, Dulski,
Nowak, & Peszke, 2017). The peak between 600 and 900 cm-1 is ascribed to TiO2 (Linstrom &
Mallard, 2020).
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Figure 4-10: FT-IR spectra of layered samples. (a) Silica, (b) TiO2, (c) Unprotected Ag
nanoparticles on silica, (d) silica-protected Ag nanoparticles on silica, (e) TiO2-coated Ag
nanoparticles on silica, and (f) TiO2-coated silica-protected Ag nanoparticles on silica. The spectra
for (b) TiO2 is for powder alone, all other spectra are on Al substrates.
4.4 Photocatalytic Oxidation Experiments
4.4.1 Silica-protected Samples with No Silica Spacer Layer
Based on the electric field enhancement predicted by FDTD modeling for the silicaprotected Ag nanoparticles, PCO experiments on layered silica-protected plasmonic photocatalysts
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were carried out to experimentally verify the plasmonic enhancement predicted by modeling.
Additionally, based on the FDTD modeling results, PCO experiments were first carried out for
layered plasmonic photocatalysts without the silica spacer layer between the Al substrate and the
Ag nanoparticles. Results of the PCO experiments are presented in Figure 4-11 and Table 4-1.

Figure 4-11: Results of photocatalytic oxidation experiments for layered plasmonic photocatalyst
samples (without silica spacer layer). For each sample, the average thickness of the SiO2 layer,
and the mass percent of Ag to TiO2, are presented in square brackets. Solid lines represent average
values, and dotted lines are the standard deviation. For (a), TiO2 and TiO2/[6.4nm]SiO2/[1.85%]Ag
are averaged over three and four runs, respectively. For (b), TiO2 and
TiO2/[5.3nm]SiO2/[1.75%]Ag are averaged over four and five runs, respectively.
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Table 4-1: Summary of reaction kinetics results for layered plasmonic photocatalysts (without
silica spacer layer). Total UV-A illumination time (reaction time), percent degradation (Deg) for
first 90 minutes of each run, figure or merit (FOM), Apparent Quantum Yields (FTol) based on
initial degradation rates (first ten min), and rate constants (k²; assuming pseudo-first order kinetics,
normalized by reactor section volume over illuminated geometric surface area), for toluene
breakdown for each run and sample.

Total:

Time
(hr)
1.9
1.8
2.0
1.7
7.4

Run
Number
1
2
3
4
Avg:

Deg
[%]
18
25
8
12
16

Total:

2.9
3.4
2.9
9.1

1
2
3
Avg:

1.9
2.1
2.0
1.6
3.1
10.7
3.2
1.9
6.5
2.2
13.7

Sample
TiO2 (Sample 1)

TiO2 (Sample 2)

TiO2/[6.4nm]SiO2/[1.85%]Ag

Total:
TiO2/[5.2nm]SiO2/[1.75%]Ag

Total:

FOM*107

FTol

5.4
6.8
3.0
3.5
4.7

-0.003*
0.014
-0.015*
0.006
0.000

k² *103
[cm / (cm2 * s)]
0.119
0.140
0.068
0.064
0.097

22
23
24
23

6.5
6.7
6.5
6.5

0.003
-0.001*
0.009
0.004

0.152
0.174
0.152
0.159

1
2
3
4
5
Avg:

33
33
31
31
28
31

9.1
8.9
8.4
8.5
7.0
8.4

0.014
0.018
0.016
0.018
0.018
0.017

0.207
0.203
0.186
0.178
0.169
0.189

1
2
3
4
Avg:

26
29
28
27
28

7.7
8.3
5.8
7.5
7.3

0.000
0.013
0.008
0.016
0.009

0.207
0.178
0.203
0.161
0.187
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For TiO2, the initial degradation rate (first ~15 min) was notably slower (and in some cases,
TVOC concentration actually initially increased for several minutes), than the degradation rate
over the next ~15-minute period. On the other hand, it is important to note that, other than the
concentration

plateau

for

the

first

~10

minutes

of

the

initial

run

of

sample

TiO2/[5.3nm]SiO2/[1.75%]Ag, an initial increase in TVOC concentration was not observed for the
plasmonic samples, which appeared to begin degradation relatively rapidly (compared to TiO2) at
the outset of each run. For TiO2, an initially slow degradation rate (or an initial slight increase in
TVOC concentration) may be due to adventitious hydrocarbons (Broers et al., 1976), which may
initially block the surface area (and thus active sites) of a photocatalyst (Kisch & Bahnemann,
42

2015), being degraded (or released, then degraded) after UV illumination (reaction initiation). It is
also acknowledged that the formation of reaction intermediates (P. Chen et al., 2020), either from
degradation of toluene or degradation of reaction intermediates, may also cause an initial increase
in TVOC concentration. Nonetheless, the plasmonic photocatalysts would be subject to these same
phenomena, yet their photocatalytic performance still surpassed that of TiO2.
4.4.2 Layered Plasmonic Photocatalysts with Silica Spacer Layer
Due to the potential increase in photocatalytic performance offered by silica, which has
been attributed to increased absorption of organic molecules on silica as discussed above (Jafry et
al., 2011; Liga et al., 2013), layered plasmonic photocatalysts were developed with a silica spacer
layer between the aluminum substrates and the silver nanoparticles (SEM micrographs are shown
in Figure 4-1). Likewise, the control sample contained TiO2 atop a layer of SiO2. Degradation of
toluene over time for the layered TiO2 plasmonic photocatalysts is shown in Figure 4-12.
The control (i.e., non-plasmonic) sample, TiO2/SiO2, exhibited the slowest toluene
degradation but had a relatively consistent and stable performance over the experimental cycles.
Although the best performance (fastest toluene degradation) was achieved initially by the
unprotected plasmonic sample (TiO2/[3.8]Ag/SiO2), its performance decreased significantly after
each run, until the fourth and final run, in which the sample performed equally to the control
sample, indicating that the plasmonic effect was lost after just three cycles (~10 hours). The silicaprotected plasmonic sample (TiO2/SiO2/[3.1]Ag/SiO2) exhibited faster degradation rates than the
control sample. Although the silica-protected sample did not initially perform as well as the
unprotected sample, its performance was consistent, with little to no apparent catalyst deactivation
after four cycles (approximately 12.5 hours). By the third run, the silica-protected sample exhibited
the fastest toluene degradation.
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Figure 4-12: Toluene degradation over time for layered plasmonic photocatalysts (with silica
spacer layer). The dashed green line on represents the fastest toluene degradation curve for the
non-plasmonic control sample, TiO2/SiO2, for comparison with the TiO2/[3.8]Ag/SiO2 and
TiO2/SiO2/[3.1]Ag/SiO2 layered plasmonic photocatalysts. The measured thickness for the SiO2
spacer layer for the silica-protected sample was 5.4 nm.
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Rate constants for each of the four runs for each sample are shown in Figure 4-13. While
the rate constant of the control sample (TiO2/SiO2) appeared to decrease from the first to the third
runs, this trend appears to be representative of statistical variation between runs since the rate
constant increased back to its average value by the fourth run. The unprotected plasmonic sample
(TiO2/[3.8]Ag/SiO2) initially displayed a rate constant three times that of the control sample, but
after four runs, the rate constant dropped by a factor of five from its initial value, below the average
rate constant of the control sample. This trend cannot be explained by statistical variation between
runs because of the consistent decline in rate constant after each run. The low initial rate constant
for the silica-protected plasmonic sample (TiO2/SiO2/[3.1]Ag/SiO2) is attributed to initial release
and oxidation of adventitious hydrocarbons from the sample surface (as was observed to a lesser
extent for the control sample). Nonetheless, the rate constant increased significantly from the first
to the third runs, with a slight decrease from the third to the fourth run, within the statistical
variation observed for the control sample.
Apparent quantum yields determined for each run of each sample (Figure 4-14) generally
showed a similar trend as the rate constants. Negative apparent quantum yields reflect an initial
increase in TVOC concentration for that run. As discussed in Section 3.1, an initial increase in
TVOC concentration can occur either by release of adventitious hydrocarbons from the catalyst
surface, or by formation of reaction intermediates from the breakdown of toluene or adventitious
hydrocarbons. It should be noted that, after four runs, the highest apparent quantum yield was
observed for the silica-protected sample, whereas the unprotected sample had a decreasing trend
from runs two through four. Results of kinetics parameters are summarized in Table 4-2.
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Figure 4-13: Rate constants over cycled runs for layered plasmonic photocatalysts (with silica
spacer layer). Values are shown for run 1 (black), run 2 (blue), run 3 (red), and run 4 (yellow) for
each sample. The dashed horizontal lines represent the average rate constants for the control
sample (TiO2/SiO2) and the silica-protected sample (TiO2/SiO2/[3.1]Ag/SiO2) after about 12 hours
under UV-A illumination hours for comparison.
Analysis of Figure 4-12 and of the apparent quantum yields presented in Table 4-2 show
that the first three runs of the non-plasmonic control sample exhibited an initial increase in TVOC
concentration during the initial reaction phase (i.e., a negative apparent quantum yield during the
first ten minutes of the reaction) due to release of adventitious hydrocarbons (as discussed above).
While the same phenomena was observed for the first run of the silica-coated plasmonic sample,
subsequent runs for this sample showed a net decrease in TVOC concentration during the initial
reaction phase (i.e., a positive apparent quantum yield during the first ten minutes of the reaction),
suggesting that overall oxidation of TVOCs outpaced the release of adventitious hydrocarbons
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from the sample surface and into the reaction chamber atmosphere. Conversely, while the
unprotected plasmonic had a net decrease in TVOC concentration during the initial reaction phase
(along with relatively fast degradation rate), the degradation rate decreased significantly over each
run and, by the fourth run, TVOC concentration had a net increase (not decrease) during the initial
reaction phase. For the unprotected sample, this suggests that catalyst fouling caused the net and
consistent decrease in catalyst performance, and that TVOC degradation was slower than the rate
of release of adventitious hydrocarbons during the initial reaction phase of the fourth run.

4%

Apparent Quantum Yield

2%
0%
-2%
-4%
-6%

TiO2/SiO2

-8%

TiO2/[3.8]Ag/SiO2
TiO2/SiO2/[3.1]Ag/SiO2

-10%
-12%
Run 1

Run 2

Run 3

Run 4

Figure 4-14: Trend in apparent quantum yield for each of the layered plasmonic photocatalyst
samples (with silica spacer layer). A negative apparent quantum yield signifies an initial increase
in TVOC concentration for the run (i.e., no net TVOC degradation initially).
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Table 4-2: Summary of reaction kinetics results for layered plasmonic photocatalysts (with silica
spacer layer). Total UV-A illumination time (reaction time), percent degradation (Deg) for first 90
minutes of each run, figure or merit (FOM), Apparent Quantum Yields (FTol) based on initial
degradation rates (first ten min), and rate constants (k²; assuming pseudo-first order kinetics and
normalized by reactor section volume over illuminated geometric surface area), for breakdown of
toluene during each run for each sample.
Time
(hr)

Run
Number

Deg
[%]

FOM*107

FTol

k² ´ 103
[cm / (cm2 ´ s)]

Total:

7.2
2.6
2.8
2.9
15.5

1
2
3
4
Avg:

1
6
1
7
4

6.2
5.2
3.2
4.9
4.8

-0.028*
-0.002*
-0.015*
0.003
-0.011*

0.085
0.055
0.038
0.047
0.056

Total:

4.7
2.5
2.5
2.5
12.2

1
2
3
4
Avg:

26
21
17
7
18

13.0
11.9
9.6
5.8
10.1

0.010
0.019
0.011
-0.004*
0.009

0.203
0.127
0.097
0.055
0.121

4.1
2.6
2.6
2.6
12.1

1
2
3
4
Avg:

1
13
17
13
11

7.6
8.5
9.2
7.7
8.3

-0.047*
0.001
0.023
0.011
-0.003*

0.102
0.089
0.093
0.076
0.090

Sample
TiO2/SiO2

TiO2/[3.8]Ag/SiO2

TiO2/SiO2/[3.1]Ag/SiO2

Total:

3

*A negative apparent quantum yield signifies net concentration increase during first ten minutes of a run.

Both the silica-protected and non-plasmonic (control) samples each had more exposed
silica than the unprotected sample. Based on the discussion above, the initially slow (first ~30
minutes) degradation rate for the initial run of the silica-protected sample can be explained by
increased contaminant adsorption onto silica (Jafry et al., 2011; Liga et al., 2013). The control
sample did not have plasmonic nanoparticles to both improve the rate of TVOC degradation and
the rate of release of adventitious hydrocarbons, and as such the first three runs had net TVOC
increase during the initial reaction phase (i.e., negative apparent quantum yield), with a very low
apparent quantum yield during the fourth run. On the other hand, once the adventitious
hydrocarbons were released during the first run of the silica-protected sample, the underlying
plasmonic particles were further exposed to light and helped improve both the rate of release of
adventitious hydrocarbons and the rate of TVOC degradation in subsequent runs. Overall,
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throughout the cycled experiments, our reaction rate constants, apparent quantum yields, and
percent degradations of the silica-protected plasmonic sample are considerably higher than the
same parameters for the baseline samples of TiO2, and in particular the apparent quantum yields
compare favorably with those of similar studies in enhanced and plasmonic photocatalysis (Asapu
et al., 2017; Bouzaza & Laplanche, 2002; De Witte et al., 2008; Ishibashi et al., 2000; Moriwaki
& Oshima, 2020).
FT-IR spectra for the layered plasmonic photocatalysts, measured after several hours of
UV-A illumination for each sample, are presented in Figure 4-15. The purpose of the FT-IR
analysis was to characterize the samples and to provide verification of major sample constituents,
which would not be significantly affected by the different UV-A illumination times. The two peaks
in the region between ~800 and ~1300 cm-1 are comparable to peaks that have been explained by
some researchers to represent Si-O-Si bonds and SiO2 (Dudek et al., 2017). The peak between 600
and 900 cm-1 is ascribed to TiO2 (Linstrom & Mallard, 2020).

Figure 4-15: FT-IR spectra of the three TiO2-based layered plasmonic photocatalysts (with silica
spacer layer). Spectra were taken at different UV-A-illumination times along each sample’s run
cycles: TiO2/SiO2 after 9.8 hours, TiO2/[3.8]Ag/SiO2 after 7.2 hours, TiO2/SiO2/[3.1]Ag/SiO2 after
4.4 hours.
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Analysis of FT-IR spectra can be subjective, in particular when multiple compounds with
overlapping peak regions are present. Water also has a well-known weak peak between 3100 and
3600 cm-1, usually with another weak peak between 1615 and 1640 cm-1 (Dean, 1985). As
discussed in Section 1, silica may enhance contaminant adsorption on the catalyst surface (Jafry
et al., 2011; Liga et al., 2013). The peaks around 3320 and 1640 cm-1 appear to be largest for the
silica-protected sample, despite the spectra being taken after only 4.4 hours of UV-A illumination
time. Double-bonded carbon (C=C) has been suggested by some researchers to occur around 1635
cm-1 (Nain et al., 2018). Furthermore, hydroquinones are known to be by-products of
photooxidation of aromatic compounds (Einaga et al., 1999; Linsebigler, Lu, & Yates, 1995), such
as toluene, with quinones having a well-known peak in the range of 1635 to 1690 cm-1 with a
double-bonded carbon bond (C=C) near 1600 cm-1 (Dean, 1985).
UV-Vis spectra of layered photocatalysts were measured prior to and following the four
experimental run cycles (Figure 4-16). For both plasmonic samples (silica-protected and
unprotected), two peaks are evident, one in the UV-A region and one in the visible region. After
the experimental runs, a broadening and blue-shifting of the visible peak was observed for each
sample, and a broadening and blue-shifting of the UV-A peak for the unprotected sample.
However, for the silica-protected sample, the peak in the UV-A region had no apparent shift, and
the peak location maintained its overlap with TiO2 and the source light. It is acknowledged that
the absorption in the UV-Vis range decreased for both the unprotected and silica-protected
samples. It appears nonetheless that in spite of this decrease in absorption, the silica-protected
sample appeared to maintain its plasmonic enhancement as measured by reaction rate constants
and other kinetic parameters shown in Table 4-2. Based on review of these results and of the
discussion above on the measured FT-IR spectra, the reduction in UV-Vis absorbance for the
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silica-protected sample may be primarily due to adventitious hydrocarbons on the sample surface
during UV-Vis spectral measurement, whereas the reduction in UV-Vis absorbance for the
unprotected sample may be due both to silver oxidation (since the silver particles were
unprotected) as well as adventitious hydrocarbons. Overall, the post-run peaks for the silicaprotected sample appear to have generally maintained their shape, though the UV peak became
more of a shoulder and less of a peak. On the other hand, both peaks for the unprotected sample
became significantly less defined and appear more as a broad plateau.

Figure 4-16: Pre- and post-run UV-Vis spectra for the TiO2-based layered plasmonic photocatalyst
samples (with silica spacer layer). Spectra for annealed TiO2 powder is also presented as reference.
The peak spectral distribution of the UV-A lamps used in PCO experiments is shown as a vertical
line, with the glow representing the FWHM.
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XPS analysis was conducted on the test samples after 8 months of aging, post-experiments,
in a laboratory air environment and having been kept out of direct light. The XPS survey spectra
presented in Figure 4-17 were charge-corrected to 284.8, as discussed by Moulder et al.(Moulder,
Stickle, Sobol, & Bomben, 1992), which resulted in a shift of exactly -2.0 eV for the entire spectra.
The spectra confirm the presence of the elements expected for each sample. In particular, the
oxygen peak at 533 eV, and the silicon peak at 103.8 eV, are indicative of the SiO2 oxidation state
of silicon, and the titanium peak at 458.4 is indicative of the TiO2 oxidation state of titanium
(Moulder et al., 1992).

Figure 4-17: XPS survey spectra of silica-protected and unprotected samples (with silica spacer
layer), normalized using the minimum and maximum counts for the spectral analysis for each
sample. Spectra were measured after 8 months of samples ageing in air. Spectra were chargecorrected to adventitious hydrocarbon at 284.8 eV, as discussed by Moulder et al.(Moulder et al.,
1992) Photon energy was 1253.6 eV (Mg Ka), with 5 sweeps.
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A high-resolution XPS spectra of the silver 3d3/2 and 3d5/2 peaks was conducted in an effort
to determine the oxidation state of silver in the samples, after 8 months of aging post-experiments.
The results of the high-resolution XPS spectra of silver in the silica-protected and unprotected
samples are presented in Figure 4-18, which show that the XPS spectra for the silica-protected and
unprotected samples are almost identical.

Figure 4-18: XPS high-resolution spectra of silver 3d3/2 and 3d5/2 peaks, normalized using the
minimum and maximum counts for the spectral analysis for the silica-protected and unprotected
layered plasmonic photocatalysts (with silica spacer layer). Spectra were measured after 8 months
of samples ageing in air. Spectra were charge-corrected to adventitious hydrocarbon at 284.8 eV,
as discussed by Moulder et al.(Moulder et al., 1992) Photon energy was 1253.6 eV (Mg Ka), with
100 sweeps.
For the high-resolution XPS spectra in Figure 4-18, it should be noted that the 3d3/2 and
3d5/2 reference peaks associated with Ag, Ag2O, and AgO are all in close proximity and
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overlapping with each other (typically within less than ± 0.5 eV), according to the NIST standard
XPS database (NIST, 2000). As such, even though the high-resolution spectra of both samples are
almost identical, and while some researchers have suggested that the difference of 6 eV between
the two Ag 3d peaks suggest metallic Ag (Lv, Gao, Yang, & Wang, 2016), the data are not
sufficient to confirm the oxidation states of silver in each sample. Nonetheless, the results of the
XPS survey (Figure 4-17) and high-resolution (Figure 4-18) spectra confirm the presence of
constituent elements associated with fabrication of the plasmonic photocatalysts, with peak
locations and separations consistent with reference data (Moulder et al., 1992; NIST, 2000).
While plasmonic and non-plasmonic catalysts alike are subject to deactivation due to
carbon-based deposits (Debono et al., 2011; Einaga et al., 2002), deactivation due to fouling and
oxidation of plasmonic metal nanoparticles must be distinguished. All layered catalysts (control,
unprotected, and silica-protected) in this study would be subject to carbon-based deposits, yet the
control sample and the silica-protected sample both had consistent performance, with that of the
silica-protected sample maintaining its enhancement versus the control sample, and both samples
showed stability over the time scales of this study. The unprotected sample, however, steadily
deactivated after each successive experimental run, leveling off to the same performance as the
control sample (non-plasmonic) after approximately 10 UV-A illumination hours. A comparison
of the results of the silica-protected and unprotected plasmonic samples suggests that the
plasmonic enhancement provided by the silver nanoparticles can be maintained and protected from
fouling, attributed to oxidation, when coated with a thin layer of silica. Furthermore, comparing
the consistent performance of the control and silica-protected samples versus the steadily
decreasing performance of the unprotected sample suggests that the relative humidity used in these
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experiments was enough to provide some catalyst regeneration (Debono et al., 2011; Jeong et al.,
2013; Maira et al., 2001; Mo et al., 2013) for the time scales in this study.
The purpose of this study was to demonstrate an easy and scalable way to fabricate stable
plasmonic photocatalysts for gas-phase photocatalysis, and to provide improved insight into
reaction kinetics of plasmon-enhanced photocatalyzed gas-phase degradation of TVOCs. As such,
the thickness of the silica layer was set at approximately 5 nm to balance the protection afforded
by silica and the extent of the electromagnetic field around the illuminated silver nanoparticles, as
demonstrated by the FDTD simulations. For further discussion on optimization of silica layer
thickness for aqueous-phase plasmonic photocatalysis, see Kumar et al. (Kumar et al., 2011).
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Chapter 5: Conclusions, Future Work, and Final Inspiration
5.1 Summary and Conclusions
In this study, we have investigated the kinetics of plasmon-enhanced gas-phase
photocatalytic oxidation of toluene. To this end, we developed two types of plasmonic
photocatalysts, produced via a scalable and repeatable process of electron beam (e-beam)
evaporation and rapid thermal annealing, to study catalyst stability. First, silver-coated ZnO and
TiO2 nanocomposite plasmonic photocatalysts were developed. The ZnO-based plasmonic
nanocomposites were each loaded with a relatively small mass percent of Ag (0.2 to 0.5%), and
exhibited improved photocatalytic performance versus pure ZnO, and initial versus pure TiO2.
However, these catalysts suffered from consistent deactivation after each experimental run. The
TiO2-based plasmonic nanocomposites did not perform as well as TiO2 alone, which was attributed
to the silver nanoparticles being of the same order as the primary particle size of the TiO2, which
in effect covered active sites on the surface of the TiO2 aggregate particles.
To improve upon the design of the silver-coated nanocomposites, a second approach,
which involved layering, was developed and assessed. Silica-protected and unprotected silver
nanoparticles were modeled using finite difference time domain (FDTD) analysis. Modeling
results showed that electric fields generated by the silver nanoparticles, upon incidence of UV-A
light of wavelength 364 nm, reached beyond the silica coating on the silver nanoparticles. These
results suggested that photocatalyst particles layered above the silica-protected silver nanoparticles
are in contact with the enhanced electric field generated by these nanoparticles, supporting the
layered approach.
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Layered plasmonic photocatalysts were produced by the same process as the silver-coated
nanocomposites (e-beam evaporation and rapid thermal annealing), except that silica-protected
silver nanoparticles were layered beneath the photocatalyst material. Due to the superior stability
of TiO2 versus ZnO, and because a layered approach would prevent silver nanoparticles from
blocking active sites on the surface of the photocatalyst, TiO2 was used as the photocatalyst for
the layered plasmonic photocatalysts. Unprotected silver nanoparticle samples were also produced
in order to compare them to the silica-protected sample. A control sample (TiO2 with no silver
nanoparticles) was used as a benchmark. To separate the potential photocatalytic enhancement
offered by silica, all layered samples contained a silica spacer layer directly on the aluminum
substrates.
Unprotected and silica-protected plasmonic photocatalysts exhibited consistent and
improved performance versus the control sample (TiO2) for gas-phase degradation of TVOCs.
While the unprotected sample had the best initial performance, owing primarily to the
photocatalyst being in direct contact with the silver nanoparticles, its performance steadily
decreased after each experimental cycle, leveling off to the same performance of the control
sample after approximately 10 hours of UV-A illumination. On the other hand, the silica-protected
sample performed consistently and within the statistical variation observed for the control sample.
The silica-protected sample maintained its plasmonic enhancement over the control sample,
averaging a 50% improvement in rate constant, over the course of the cycled experiments
(approximately 12.5 hours). While all the layered photocatalysts (silica-protected, unprotected,
and control) in this study would be subject to catalyst deactivation from carbon-based deposits
generated from photocatalytic oxidation of toluene, it must be noted that the control and the silicaprotected samples maintained consistent performance throughout the cycled experiments, whereas
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the unprotected sample showed steady performance reduction after each successive run. Thus, the
steady decrease in photocatalytic performance of the unprotected sample is attributed to fouling,
via oxidation of the silver nanoparticles. The ability of the control and silica-protected samples to
maintain their performance is attributed to the humidity in the air used in the experiments, which
numerous researchers have shown to increase mineralization of toluene and regenerate catalyst
activity.
The results of this study are important for demonstrating that an affordable and easilymanufactured plasmonic photocatalyst, exhibiting a stable apparent quantum yield and consistent
photocatalytic performance, can be used to degrade toluene, a hazardous air pollutant, with a tested
concentration (~1 ppm) and reactor setup relevant to industrial air pollution control. The results
also demonstrate and characterize the effects of long-term UV-A illumination on the efficacy of
plasmonic photocatalysts. Furthermore, this study suggests that silver nanoparticles not only speed
up reaction rate overall but also appear to speed up release of adventitious hydrocarbons from the
photocatalyst surface during the initial phase of a reaction, and that a protective silica layer slows
down fouling of silver nanoparticles. In addition, the results of this study are also important
because they demonstrate that, in addition to measures necessary for improving stability of
traditional photocatalysts, additional measures must be considered to protect plasmonic metal
nanoparticles if plasmonic enhancement is to be retained over numerous photocatalytic oxidation
cycles.
5.2 Future Work
In this study, while silica was shown to protect the plasmonic particles from deactivation,
catalyst poisoning (e.g., due to carbon deposits) is generally still an issue to be resolved should
these materials see widespread commercialization. To that end, future research in this field should
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focus on creating protective coatings that do not significantly diminish plasmonic enhancement,
as conducted in the present study, and that strike a balance between reducing absorption/build-up
of carbon deposits while allowing the photocatalysts to maintain adequate adsorption of molecules
necessary for the pollutant degradation process. In addition, while aluminum is a versatile substrate
that can be used in a variety of setups, additional substrates should be explored for these catalysts.
Finally, catalyst regeneration cycles, such as with moist air, and other methods should be explored
to speed up the release of, and mineralization (to CO2 and H2O) of, adventitious hydrocarbons
from photocatalyst surfaces.
5.3 Final Inspiration
“Problems that remain persistently insoluble should always be suspected as questions asked
in the wrong way, like the problem of cause and effect. Make a spurious division of one
process into two, forget that you have done it, and then puzzle for centuries as to how the
two get together. So with ‘form’ and ‘matter’ […]. The world is no more formed out of
matter than trees are ‘made’ of wood. The world is neither form nor matter, for these are
two clumsy terms for the same process, known vaguely as ‘the world’ or ‘existence’.”
(Watts, 1966)

“[…] the world cannot be analyzed correctly into distinct parts; instead, it must be regarded
as an indivisible unit in which separate parts appear as valid approximations only in the
classical limit. […] Thus, at the quantum level of accuracy, an object does not have any
‘intrinsic’ properties (for instance, wave or particle) belonging to itself alone; instead, it
shares all its properties mutually and indivisible with the systems with which it interacts.”
(Bohm, 1989)
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